A mong patients with severe, symptomatic aortic stenosis, transcatheter aortic valve replacement (TAVR) improves survival and quality of life compared with medical therapy. 1, 2 Despite the improvement in survival conferred by TAVR, mortality rates after TAVR remain high, 3, 4 as patients undergoing TAVR are often elderly with multiple cardiovascular and noncardiovascular comorbidities. A number of strategies have been employed to reduce post-TAVR mortality further, including improving patient selection, limiting periprocedural complications (eg, reducing sheath size to decrease vascular complications, computed tomography sizing, and sealing skirts to reduce paravalvular leaks), and improving postprocedure care (eg, less intensive care time and earlier mobilization). However, there is a continued need to investigate strategies that may provide further mortality reduction after TAVR. Statins are well established as a key therapy to reduce the risk of cardiovascular mortality, especially among patients at high-risk for cardiovascular events. However, the role of statins in older adults is uncertain. Due to competing mortality risks along with concerns for side effects and polypharmacy in the elderly population, current American clinical practice guidelines do not recommend statin therapy for patients >75 years of age for primary prevention with the decision to treat patients, and shared decision making is advised for secondary preventions. 5 Despite the high rate of post-TAVR mortality, it is unclear whether statins are associated with improved outcomes after TAVR. In addition to their cardiovascular benefits, statins may potentially reduce mortality via nonatherosclerotic or pleiotropic effects (eg, reducing acute kidney injury 6 and other surgical complications). 7 One study that examined the relationship of statins with post-TAVR outcomes found that statin use was associated with lower mortality at 2 years compared with no statin use. 8 A different study found no association of statins with mortality at 2 years after TAVR. 9 However, because these were singlecenter studies with relatively small sample sizes and the inherent risk of bias due to nonrandom treatment assignment in observational studies, leveraging statistical methods that increase the comparability between groups across key characteristics is important. We performed a propensitymatched analysis among a large, prospective, adjudicated, multicenter cohort of patients who underwent TAVR to examine the association of statin use with the risk of mortality after TAVR.
Methods Study Population
For data protection reasons, the data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results of this study. The current study included patients with severe symptomatic aortic stenosis who underwent TAVR as a part of the PARTNER II (Placement of Aortic Transcatheter Valve II) and Sapien 3 clinical trials or associated registries. 10, 11 Briefly, the PARTNER II clinical trial enrolled patients who were felt to be at intermediate risk (cohort A: predicted risk of 30-day mortality 4% to 8%, based on either the Society of Thoracic Surgeons [STS] mortality risk score or clinical assessment by a multidisciplinary heart team) or who were deemed inoperable (cohort B). The Sapien 3 trial enrolled patients who were felt to be intermediate (STS risk score 4% to 8% or heart team determination) and high (STS risk score >8% or heart team determination) surgical risk. The PARTNER II and Sapien 3 trials contained a number of nested registries that also enrolled high-risk and inoperable patients (heart team estimation of ≥50% risk of death or serious, irreversible morbidity with surgery). Although the studies generally followed similar protocols with respect to inclusion and exclusion criteria, baseline data collection, and follow-up, the PARTNER II studies used the Sapien-XT valve, whereas the Sapien 3 studies used the Sapien 3 valve. The current analysis included only patients who underwent TAVR. The PARTNER study and registries were approved by the institutional review board at each participating site, and all patients provided written informed consent.
Study Exposure and Outcomes
Statin use was determined based on the discharge medication list from the index hospitalization. As a result, patients who died before discharge were excluded. The primary outcome was 2-year all-cause mortality. Secondary outcomes included cardiovascular mortality, noncardiovascular mortality, myocardial infarction, stroke, acute kidney injury, and bleeding over the 2 years after discharge. The clinical events committee adjudicated these outcomes according to the Valve Academic Research Consortium-2 definitions.
12,13
We used rates of urinary tract infection and hip fractures as falsification end points to assess for bias. Falsification end points (negative controls) are outcomes that are not causally related to the main exposure under study. The absence of an association between the exposure and the falsification end point suggests a low bias. 14 In our study urinary tract infections and hip fractures are not causally affected by statin use.
15,16

Statistical Analyses
Because patients were not randomized to statin therapy at discharge, and there might have been selection bias in who had been prescribed statins, we used propensity score methodology to create a cohort of patients with similar characteristics who were discharged on a statin versus not discharged on a statin after TAVR. Nonparsimonious logistic regression was used to calculate the probability of receiving a statin at discharge based on the covariates listed in 
Clinical Perspective
What Is New?
• In a propensity-matched cohort, statin use at the time of hospital discharge for the index transcatheter aortic valve implantation was associated with lower risk of long-term allcause mortality compared with non-statin use after transcatheter aortic valve replacement.
What Are the Clinical Implications?
• If validated in prospective studies, this study suggests that statins may be used as an adjunct therapy after transcatheter aortic valve replacement to improve survival. Covariate balance before and after matching was assessed using standardized differences (>10% difference is considered clinically relevant). Furthermore, to assess for unmeasured confounding, we compared the rates of urinary tract infections and hip fractures at 2 years between matched groups. Continuous variables were reported using median (interquartile range) and compared by standardized difference. Categorical variables were reported using percentages and compared by standardized difference. Time-to-event variables were reported using Kaplan-Meier estimations. Hazard ratios with 95% CIs and P-values were reported using marginal Cox models, which accounted for intrapair correlation in a matched cohort. Competing risk models (all-cause mortality as competing risk) were used to assess the association of statins with event rates (vascular complications, stroke, myocardial infarction, bleeding, endocarditis, and acute kidney injury). Statistical significance was defined at an a level of <0.05. All analyses were performed with SAS version 9.4 (SAS Institute Inc, Cary, NC).
Results
Study Population
Among 3990 intermediate-and high-surgical risk patients who underwent TAVR as a part of the PARTNER II and Sapien 3 studies, 3956 patients survived to discharge and had use of statins documented, of whom, 2864 (72.4%) were discharged on a statin ( Figure 1 ). Before matching, patients discharged on a statin were more likely to be men and to have diabetes mellitus and all forms of atherosclerosis (peripheral artery disease, carotid disease, coronary disease [including prior revascularization and myocardial infarction]) and were less likely to have liver disease as compared with patients not on a statin (Table 1) . Patients on a statin (versus not) also had faster gait speeds, higher albumin levels, and better health status before TAVR. In unadjusted analyses among all eligible patients, patients discharged on a statin had lower rates of 2-year death as compared with those not on a statin (Kaplan-Meier-estimated 2-year mortality rates: statin versus no statin (17.0% versus 23.4%, log-rank P<0.0001; Figure 2 ).
After accounting for the differences in patient characteristics, there was adequate overlap in the distribution of propensity scores between the 2 cohorts (Figure 3) , and we were able to identify 626 matched pairs of patients with similar propensity scores. The matched cohort had a median age of 84 years (interquartile range 79-88), 51.3% were women, and 26.3% had New York Heart Association IV symptoms before TAVR ( Table 1 ). The median STS mortality risk score was 6.1% (interquartile range 4.7% to 8.5%) in the matched cohort. Overall, there were some differences between patients who were matched and those who were (Figure 4 ). There were no differences in the rates of the falsification 
Outcomes in Matched Cohort
The overall mortality at 2 years after TAVR in the matched cohort was 21.3%. Patients who were discharged on a statin had a lower rate of all-cause mortality compared with patients who were not on a statin at discharge (Kaplan-Meier-estimated 2-year mortality rates of statin versus no statin: 18.1% versus 24.5%, log-rank P=0.004; HR 0.65, 95% CI 0.49-0.87, P=0.001, Figure 5 ). The survival curves diverged within 3 months and continued to separate over a median follow up of 2.1 years. Results were consistent for both cardiovascular (HR 0.66, 95% CI 0.46-0.96, P=0.030, Figure 6A ) and noncardiovascular mortality (HR 0.64, 95% CI 0.44-0.99, P=0.045, Figure 6B ). At 2 years post-TAVR, the rates of myocardial infarction (2.3% statin versus 1.5% no statin, log-rank P=0.31), stroke (4.6% statin versus 5.4% no statin, log-rank P=0.90), and bleeding (22.0% statin versus 21.6% no statin, log-rank P=0.95) were similar between groups. There were trends toward lower rates of acute kidney injury (17.2% versus 24.2%, HR 0.70, 95% CI 0.48-1.04, P=0.08) and endocarditis (0.5% versus 2.5%, HR 0.28, 95% CI 0.08-1.01, P=0.13) in patients on statins compared with patients who were not on a statin at discharge (Table 3) . Specifically in regard to the etiology of deaths, the difference in cardiovascular death appeared to be driven by lower rates of death from cardiac disease in the statin group (statin versus no statin: 3.0% versus 6.7%, HR 0.37, 95% CI 0.18-0.73, P=0.004, Table 4 ). The difference in noncardiovascular death appeared to be driven by lower rates of infection (2.7% versus 6.6%, HR 0.38, 95% CI 0.19-0.76, P=0.006) and malignancy (0.3% versus 2.3%, HR 0.21, 95% CI 0.04-0.96, P=0.04) in the statin versus nonstatin groups, respectively.
Discussion
The mortality rate of patients after TAVR remains high, necessitating further exploration of potential strategies or therapies that may improve mortality in this high-risk group of patients. We found, in a large, nonrandomized cohort of patients undergoing TAVR, that those patients who were discharged on a statin after TAVR had lower rates of all-cause, cardiovascular, and noncardiovascular death over a median follow up of 2.1 years compared with patients not on a statin. The survival curves diverged quite early, and there were no differences in the rates of atherosclerotic events after TAVR. Thus, these differences are likely not driven by the atherosclerotic effects of statins but likely either by pleiotropic effects, as evidenced by lower rates of infections and acute kidney injury, or by residual confounding, as evidenced by lower rates of deaths due to malignancy.
Prior Studies
Our study supports the findings from 1 prior single-center study that examined the association of statins and post-TAVR mortality among 294 patients. 8 In this study mortality was similar at 30 days after TAVR between patients who were on a statin versus not on a statin at the time of TAVR. However, statin therapy was associated with lower rates of death at 1, 3, and 5 years of follow-up compared with no statin, and high-intensity statins demonstrated an even greater protective effect compared with low/moderate-intensity statins. A different single-center study of 342 patients who underwent TAVR for severe aortic stenosis found that although statin use at the time of TAVR was associated with lower rates of in-hospital and 30-day stroke/TIA compared with no statin use, there was no association of statin use with 30-day, 6-month, or 1-or 2-year overall survival. 9 The factors responsible for the seemingly conflicting results of these prior studies are unclear but may be related to the small sample size resulting in larger variance around outcome estimates. Additionally, the risk of treatment assignment bias is high in both studies. This is important, as we have shown that patients who are on statins at the time of TAVR have many clinical and frailty factors that differ from those not on statins. To address these limitations, we matched patients with similar likelihood for treatment with statins based on baseline covariates to limit bias related to treatment assignment. We also used falsification end points in our analysis to further assess for residual bias, and yet we still found similar results to the previous study. Due to the size of our study, we were able to delve further into nonfatal events and the etiology of fatal events to try to elucidate potential mechanisms for the findings.
Potential Explanations
Statins are well established in their ability to reduce the risk of all-cause and cardiovascular mortality in patients who have established or are at high risk for atherosclerosis Pre-match Post-match through reduction in ischemic events. 17, 18 However, the benefits of statins in patients >75 years of age, particularly those with comorbidities, are controversial, given competing mortality risks and the duration of statin use needed to reduce atherosclerotic events. Given the burden of atherosclerosis among patients undergoing TAVR, the observed reduction in cardiovascular mortality with statins after TAVR may be due to a reduction in ischemic events. Because the survival curves diverged within 3 months, however, this difference is unlikely to be explained by a reduction in ischemic events, an effect that generally does not appear until >1 year in secondary prevention trials of statins versus placebo. 19, 20 This is further supported by no evidence of lower rates of myocardial infarction or stroke in patients on a statin. Thus, our findings may be explained by the anti-inflammatory or other pleiotropic effects of statins. Statins have been shown to inhibit cytokine-mediated induction of proadhesive and procoagulant substances. 21 Additionally, statins reduced neointimal thickening after vascular injury without changing plasma LDL levels. 22 Statins induce favorable vascular remodeling via induction of endothelial NO synthase and thrombomodulin. 23 The role of statins in periprocedural complications remains an active area of study. For example, statins have been investigated as a tool to reduce contrast-induced acute kidney injury in patients undergoing percutaneous coronary intervention with some 24 but not all 25 studies showing a benefit with statins. A recent prospective randomized trial, however, showed no reduction in acute kidney injury in patients who underwent cardiac surgery. 26 Additionally, an assessment of statin use in noncardiac surgery in a large population of male veterans showed that statins were associated with reductions in 30-day mortality and cardiac, infectious, respiratory, and renal complications at 30 days postsurgery. 27 Similar to these findings, we noted lower risk of mortality due to infection and a trend toward a reduction in acute kidney injury in the statin group, but contrary to these studies, the benefit of statins did not emerge until after 30 days of follow-up.
It is also plausible that statins have no impact on mortality after TAVR, and the observed differences are simply due to residual confounding despite propensity matching and examination of bias with falsification end points. For example, patients discharged on a statin were less likely to die from malignancy compared with those not on a statin. Despite advanced statistical methods, the observational nature of our analysis still harbors the risk of residual confounding. As a result, the association of statins with mortality after TAVR merits prospective assessment in a blinded randomized trial to generate a true estimate of the potential benefit and treatment effect of statins in this population.
Limitations
This study should be interpreted within the context of a few limitations. As described above, we cannot eliminate the possibility of residual confounding or infer causality despite the use of propensity matching and falsification end points. It is plausible that patients on statins may still be prognostically different from those not on a statin. The early emergence of a mortality benefit (within 3 months) is of unclear significance because the benefits of statin use are expected to accrue over time. As a result, this might be a signal for unmeasured confounding related to the different prognostic trajectories of patients on a statin versus those not on a statin in this study. Second, we did not have statin dosing or type in order to determine intensity of statin therapy and therefore examine a dose-response association. Third, we assessed statin use only at discharge. Although statins are generally chronic medications in TAVR patients and likely remain fairly consistent over time, we were unable to assess any potential association between duration and change over time of statin use both before and after TAVR. We used statin prescription at discharge as a proxy for statin use after TAVR. This opens the possibility that some patients may have either discontinued or started statins during follow-up. Finally, ezetimibe use was not collected in this study, which prevents us from examining the effect of a statin-ezetimibe combination in this analysis.
Conclusion
In a large propensity-matched analysis, patients discharged on a statin after TAVR experienced lower rates of mortality compared with those not discharged on a statin. Despite propensity matching and the use of falsification end points, this analysis cannot exclude residual confounding. Therefore, prospective studies are needed to further clarify the potential role of statins as an adjunctive therapy in patients with severe aortic stenosis treated with TAVR.
